The durability of aggregates against salt weathering is calculated after five cycles of immersion in a magnesium sulfate solution followed by drying according to the relevant European standard (EN 1367(EN -2: 2010. The aim of the study is to investigate the long-term durability of aggregates by increasing the number of cycles of the salt crystallization test from the standardized five to a maximum of 35. Three andesite types from Hungarian quarries were tested representing three different localities. The weight loss of the specimens was determined after every 5-cycle set. Results were documented for three size-fractions 10.0/11.2 mm, 11.2/ 14.0 mm and the 10.0/14.0 mm, respectively. Relationships between immersion-drying cycles and magnesium sulfate values were described by the Pearson-coefficient. According to the test results, the magnesium sulfate values followed linearly increasing tendencies in the course of the long-term salt crystallization tests. Parallel to the salt-weathering tests, the changes in the mechanical properties of the salt-attacked aggregates were also detected by micro-Deval tests (EN 1097(EN -1: 2012. The changes in micro-Deval coefficients were calculated in the form of a decay factor as a function of sulfate cycles. The results suggest that the micro-Deval coefficient does not rise after a certain salt cycle; i.e. higher number of salt-crystallisation cycles does not necessarily reduce the micro-Deval coefficient of studied andesite lithologies.
Introduction
Durability and weathering properties of crushed stone significantly control the use of these construction materials. Various methods have been developed to determine the resistance of aggregates to the different environmental and mechanical impacts. According to the relevant European standard weathering durability of aggregates should be determined by magnesium sulfate tests (EN 1367 (EN -2: 2010 . This standard intends to model the weathering effect, provided by growing crystals exerting pressure onto the pore walls using magnesium salt rather than ice crystals (freeze-thaw). For the cylindrical test specimens, crystallisation related durability can be assessed by standardised freeze-thaw tests (EN 12371: 2010) , where ice crystals are forming in the pores of the stone material (Piasta et al. 2016 ).
The sulfate tests are based on a similar principle (Yavuz et al. 2006; Ioannou et al. 2013) . After the specimens are immersed in sulfate solution for a longer period, then they should be dried in an oven to conduce the growth of the sulfate crystals. Both sodium (Na 2 SO 4 ) and magnesium sulfate (MgSO 4 ) can be used. As both sulfates are extremely damaging salts (Ruiz-Agudo et al. 2007) , the destructive effect of the crystals is greater than the effect of the ice crystals. The viscosity of the sodium sulfate solution is less than the magnesium sulfate's viscosity. The Na 2 SO 4 can be absorbed in greater depth than MgSO 4 , but the crystallization pressure of sodium sulfate crystal is lower (La Iglesia et al. 1997 ). According to Ioannou et al. (2013) the magnesium sulfate soundness was greater than the sodium sulfate soundness of limestone and diabase aggregates. On the other hand, Ruiz-Agudo et al. (2007) measured greater weight loss in the case of sodium sulfate tests with a porous limestone type. For the determination of the weathering properties of aggregates, the European norm (EN 1367 (EN -2: 2010 requires the performance of the magnesium sulfate test, while the weathering properties of aggregates cannot be analysed by sodium sulfate.
The weathering impacts can influence the mechanical and physical properties of the studied materials, including stones, mortars (Přikryl 2013; Wongprachum et al. 2018) or concretes (Muthusamy et al. 2015) . The alteration of a chosen X characteristics can be described by the decay factor (λ X ):
where X 0 is the previously determined reference value of the studied X parameter, and X sub is the measured value of the studied parameter collected after the subjection of the specimens. Ghobady and Babazadeh (2015) investigated Tertiary sandstones, and they determined the point load strength, the Brazilian tensile strength, the P Wave velocity loss and the slake durability index of the studied materials after freeze-thaw and salt crystallization tests. A decay function model was proposed and later verified through laboratory tests (Mutlutürk et al. 2004) . This study describes the integrity loss process and the decay of the mechanical properties of rocks subjected to freezing-thawing and heating-cooling cycles. Several test methods are developed to provide information on the durability, serviceability (Přikryl 2017 ) and long-term performance of aggregates, such as the Los Angeles test (Cuelho et al. 2008; Ajalloeian and Kamani 2017) , the Nordic test (Krutilová and Přikryl 2017) , the slake durability test (Ghobadi and Babazadeh 2015; Miščević and Vlastelica 2011) or the micro-Deval test (Török and Czinder 2017) . The comparison of the weathering and the durability properties showed various correspondence, and the R 2 values of the micro-Deval versus magnesium sulfate value plots changed between 0.1 and 0.7 (Phillips 2000; Cooley and James 2003; Cuelho et al. 2008) .
The present paper focuses on the weathering and mechanical properties of andesites. Andesite was selected because this lithotype is one of the most widely applied stones as aggregate in the construction industry. The favourable mechanical and weathering properties make andesite suitable in road construction (Xie et al. 2016) , in railway construction (Gálos and Kárpáti 2007) and in hydraulic engineering constructions (Özden and Topal 2009) . The main aim of these tests is to assess the longterm changes in magnesium sulfate values, by increasing the salt crystallisation cycles from the standardised five cycles to 35 cycles. The changes in material properties were also assessed by micro-Deval tests after every 
Materials
Andesites from three quarries were used to investigate the long-term weathering properties. All three quarries are located in Hungary, in Nógrádkövesd (Cserhát Mountains), Recsk (Mátra Mountains) and Komló (Mecsek Mountains) (Fig. 1) . All studied and quarried andesites were formed in the Miocene period (Haas 2013 ). The andesites represent three different lithotypes (Table 1) . Andesite-1 is a typical amphibole andesite with plagioclase phenocrysts (Fig. 2) . Plagioclase laths prevail in the texture with smaller amount of amphiboles and opaque minerals in the glassy groundmass. It also contains a small amount of pyroxene crystals. The amphibole and pyroxene crystals are relatively small with crystal sizes of 0.1-0.2 mm. The palgioclase crystals form the framework and represent more than 50% of the texture providing a basaltic intersertal micro-fabric. Glassy groundmass is also observed in between phenocryst. Andesite-2 is a slightly silicified pyroxene andesite from Recsk. The microfabric is characterized by a large amount of small plagioclase crystals that are found in the glassy matrix, while larger phenocrysts are mostly represented by pyroxene (mm-size). The slicification is related to minor hydrothermal alteration processes. Besides the prevailing palagioclase and pyroxene crystals, the andesite also contains a small amount of secondary minerals, such as calcite and limonite. A detailed description of the andesite is given by Cserny et al. 2004 . Grey amphibole andesite is the third studied lithotype (Andesite-3) from Southern Hungary (Komló). It is characterized by the presence of a few plagioclase crystals and a minor amount of pyroxene in the prevailingly glassy groundmass (Klespitz 2012) . The elongated plagioclase crystals are relatively small with length of 100-150 μm and width of 15-30 μm. The amphibole crystals are visible as elongated 1-2 mm-long crystals. They show some alterations especially at crystal margins in the form of opaque zone. Small pehocrystals of pyroxene and a minor amount of magnetite are also found in the thinsections. The flow banding is a common feature of this andesite (Fig. 2) . The bulk density (in dry and water saturated conditions) and the water absorption of the studied andesites are collected in Table 2 .
Test methods
The magnesium sulfate and the micro-Deval tests require aggregate samples with 10/14 mm-sized grains. The samples were prepared by crushing and sieving coarser grained aggregates and rock blocks. The relevant European standard (EN 1367 (EN -2: 2010 prescribes the application of a saturated solution of magnesium sulfate (MgSO 4 ⋅ 7H 2 O solution) for the test. The standardized test method requires five cycles with the (Fig. 4) .
After the 5th cycle, the samples should be washed and sieved on the 10 mm sieve. The result of the test is a mass reduction value called magnesium sulfate value (MS) in percentage by mass:
where M 1 is the initial mass and M 2 is the final mass of the aggregate specimen retained on the 10 mm sieve. For the investigation of the long-term properties, the test procedure was repeated seven times; that is, 35 cycles of immersion and drying were repeated. The mass reduction was measured and the magnesium sulfate value was obtained after every 5-cycle period. For the further laboratory tests, the fractions of 10.0/11.2 mm and the 11.2/ 14.0 mm sized grains were separated and measured. The fraction of 11.2/14.0 mm was sieved both on the 10 and 11.2 mm sieve. The test result after n cycles is the longterm magnesium sulfate value.
Correlation and regression analyses were used to characterize the mass reduction of the sample in the course of the long-term tests. The relationship between the number of immersion-drying cycles and the magnesium sulfate values were described by the Pearson-coefficient (R 2 ).
The constant members of the calculated functions were missed, because the initial point in the Origin (which means the 0th cycle) was considered as a fixed point of the fitted curves. The durability of the andesite samples was analysed by the micro-Deval test, which is used to investigate the resistance to abrasion (relevant standard: EN 1097-1: 2012). The aggregate samples should be formed from 150 g of 10.0/11.2 mm and 350 g of 11.2/14.0 mm-sized grains. The samples were tested in steel drums (diameter: 200 mm, height: 154 mm), which were rotated by 12,000 times (100 rotations/min). The abrasive impact was increased by 5000 g of steel balls (diameter: 10 mm) and 2.5 l of water was added in the drum. After the required rotations, the samples were washed and sieved on a 1.6 mm sieve. The test result is the micro-Deval coefficient (M DE ) in percentage by mass:
where m 1 is the initial mass and m 2 is the final mass of the aggregate specimen retained on the 1.6 mm sieve. The micro-Deval coefficient of the studied andesite aggregates was determined after every 5-cycle period. The tests were 
Results
The test results of the 10.0/11.2 mm and the 11.2/14.0 mm fractions were evaluated separately. The measured raw values are collected in Table 3 . The mass reduction of the total 10.0/14.0 mm grain sized aggregate sample was also calculated (Table 4) . The data sets of the measured magnesium sulfate values are represented according to the number of immersion-drying cycles (Figs. 5, 6, and 7) . The test results of the 10.0/11.2 mm, 11.2/14.0 mm and the 10.0/14.0 mm-sized part were signed with blue, red and black colours. According to the magnesium sulfate test results, the N MS versus MS plots follow a linear The results of the micro-Deval tests are summarized in Table 5 and Fig. 8 . Significant differences were observed as the number of cycles increased, e.g. the reference M DE value of Andesite-3 was 14.65, while after ten immersion-drying cycles it almost reached the value of 20. In the case of Andesite-2, the alteration is negligible.
The greatest magnesium sulfate values were determined on the fraction of 10.0/11.2 mm in all cases; relatively more grains will weather under the lower merge of a studied fraction in the case of a narrower fraction, presuming uniform grain size distribution and uniform weathering in an aggregate fraction. In addition, the magnesium sulfate solution produces its fracturing effect near the surface of the grains in the case of stones with compact texture, and the reduction of the grain size increases the relative area of the surface. The MS value of the fractions of 10.0/14.0 mm is less than the fractions of 11.2/ 14.2 mm, because in this case the weight loss is calculated according to the mass of the grains, which are smaller than 10 mm; i.e. not the grains that are smaller than 11.2 mm.
The results of the complete 10.0/14.0 mm sized samples are shown in Fig. 9 . The long-term magnesium sulfate tests revealed significant differences between Andesite-3 and the two other rock types. While the loss of mass of Andesite-3 reaches 40 m% after 35 cycles of immersion in sulfate saturation and drying, the magnesium sulfate values of Andesite-1 and Andesite-2 are less than 6 m%. Additionally, in the case of the separated fractions of Andesite-2, higher MS values could be measured than the MS values of Andesite-1, but the MS of the complete 10.0/14.0 mm fraction of Andesite-2 is lower. This may occur because in the case of the 11.2/14.0 mm fraction of Andesite-2, relatively more grains weathered under 11.2 mm, but relatively fewer grains weathered under 10 mm than in the case of the 11.2/14.0 mm fraction of Andesite-1.
The micro-Deval coefficients of the studied andesites showed significant differences. While the MS values of Andesite-1 and Andesite-2 are about equal, the M DE value of Andesite-1 is three times greater than the M DE of Andesite-2. The decay factor of the micro-Deval coefficient (Fig. 10 ) was calculated to investigate the effects of the longterm magnesium sulfate test on the resistance to abrasion.
Discussion
According to the magnesium sulfate test results, the weight loss follows a linearly increasing tendency (Fig. 5, 6 and 7) . The monotony of the alteration of the weight loss is also observed in the case of long-term freeze-thaw weathering tests of limestone, granite and lapilli tuff (Ruedrich et al. 2004 ). Bista and Tamrakar (2015) measured the weight loss of several rock types after every cycle of the magnesium sulfate test and found that weathering could be detected in all cases causing weight loss. The long-term weathering properties of the rocks can be analysed by the repeat of the weathering effects such as freeze-thaw cycles of sulfate crystallisation tests. Thermal stresses can also reduce durability of granites (Vázquez et al. 2016 ; Freire-Lista and Fort 2017) sandstone (Sirdesai et al. 2017 ) and other lithologies, such as limestone (Brotóns et al. 2013) or marble (Martinho and Dionísio 2018) . Akin and Özsan (2011) studied the mechanical and physical parameters of a Turkish travertine exposing cubic tests specimens to 80 cycles of freezing-thawing and 25 cycles of sulfate crystallization tests, while Jamshidi et al. 2016 made similar tests on Gerdoee travertine from Iran. Both studies emphasized the decreasing strength and durability of travertine and mostly decreasing trends with increasing number of stress cycles. The mechanical properties, e.g. the Young's modulus (1400 F-T cycles; Ruedrich et al. 2011) or the uniaxial compressive strength (UCS) (50 F-T cycles; Yavuz 2011), also followed decreasing tendencies through the repeat of the freeze-thaw cycles. The sulfate crystallisation tests of the tested andesites do not follow the same gradual decrease when not only the weight loss, as it is required by EN 1367-2, but the resistance against abrasion (micro-Deval values) are also considered (Table 5 ).
In the initial phase of the long-term magnesium sulfate test, the resistance to abrasion shows a decreasing tendency; in the case of Andesite-3, the reduction of it exceeded 30% after 10 cycles of the sulfate test (Fig. 8) . On the other hand, the maximal value of λ MDE was reached after 10-15 cycles (Fig. 10) , and hence the degree of the decay reduced. Moreover, the micro-Deval coefficients of Andesite-2 changed to more favourable values than the reference value after 20 cycles (Table 5 , Fig. 10 ). The unsteady trend of the alteration of the M DE values may be explained by the heterogeneity of the rock materials; the less resistant parts of the samples were weathered first, which caused increasing tendency of λ MDE . After the degradation of these parts of the aggregates, only the more resistant grains remained in the samples, so the micro-Deval values started to approximate and even exceed the initial reference M DE values. It should be mentioned that the initial micro-Deval coefficient of Andesite-2 is a relatively small number (4.80 m%) and thus small changes in absolute values (0.XX m%) cause higher changes in the decay factors (Fig. 10) . This leads to a decrease of micro-Deval coefficient, namely a better resistance (M DE = 4.54 m% after 25 cycles). Similar trends were observed at Andesite-1 and Andesite-3 samples; however, the decreased M DE values were still higher than the initial M DE values ( Fig.  8 and Fig. 10 ).
This type of 'anomalous' behaviour is not very common; however, it was noted by Akin and Özsan 2011 that long-term freeze-thaw cycles might cause a slight increase in P wave velocity. According to Yavuz and Topal (2007) the uniaxial compressive strength of two types of marbles decreased after a few cycles of the sodium sulfate test, but after that, an increasing tendency could be measured. An extremely high value of UCS was measured on marble with 34% dolomite content after salt attack compared to the reference sample set. Fig. 7 The long-term magnesium sulfate crystallisation tests of Andesite-3 Nevertheless, most of the laboratory test results showed permanent decay of the studied properties: the UCS of sandstones (Khanlari et al. 2015) and the Brazilian tensile strength of a travertine (Jamshidi et al. 2016 ) when these samples were subjected to freeze-thaw. The slake durability index of a sandstone (Ghobadi and Babazadeh 2015) and the UCS of marbles (Yavuz and Topal 2007) subjected by salt crystallization was reduced. Although the aforementioned test results of these studies are similar to the results of the present study, similar trends were documented, and the results can not be directly compared since in those papers cuboid sedimentary rock specimens were used and other properties were also measured. It should also be mentioned that the mineralogical and sedimentological properties of the stones can affect the mechanical (Yılmaz et al. 2011; Přikryl 2013; Khanlari et al. 2015) , the aggregate (Räisänen 2004; Pang et al. 2010; Rigopoulos et al. 2013; Yılmaz et al. 2015) and the weathering properties (Kazi and Al-Mansour 1980) . The amount of the aluminum and iron oxides in the tested rocks can modify the durability of aggregates, namely the magnesium sulfate values (Tuğrul and Yılmaz 2012) . Our tests results imply that the different behaviour of the studied andesites is also partly linked to the differences in mineral content-namely, the slightly silicified pyroxene (Andesite-2) has the highest resistance against salt crystallisation. Indeed after 20 magnesium sulfate crystallisation cycles, its micro-Deval coefficient became lower than that of the original sample (Table 5 , Fig. 8 ). The greatest loss in micro-Deval coefficient was observed after 15 sulfate crystallisation cycles at Andesite-3, which has amphiboles. The amphibole is a sensitive mineral to weathering, and it can adversely affect the durability of aggregates (Anastasio et al. 2016) .
The micro-fabric, micro-cracks (Freire-Lista et al. 2015) , pore sizes and the interconnections of pores significantly influence the durability and weathering properties of rocks (Tuğrul 2004; Török 2006; Yu and Oguchi 2010; Přikryl 2013; Pápay and Török 2015) and the efficiency of salt solution saturation (Çelik and Aygün 2018 Fig. 8 The micro-Deval test results and the number of cycles mineralogy controls the salt crystallisation durability and micro-Deval coefficient of the studied andesites, too. Explicitly, Andesite-2 and Andesite-3 have similar micro-fabric, but the slicification of Andesite-2 resulted in higher resistance against salt crystallisation and lower micro-Deval coefficient (Fig. 8) . It seems that larger plagioclase phenocrysts (in Andesite-1) do not significantly increase the micro-Deval coefficient with increasing number of salt crystallisation cycles, when the results are compared with Andesite-3 (Fig. 9 ).
Conclusions
The regulations and standards require the determination of the resistance to salt crystallization of the aggregates. According to the relevant standard, the aggregate samples should be immersed in magnesium sulfate solution and be dried; then this cycle is repeated five times according to EN. The present study focused on the long-term weathering properties of andesite aggregates, and the cycles of the salt crystallization test was increased to 35. The mechanical-technical performances were measured by micro-Deval tests. The weight loss of the samples follows linear trends in the course of the long-term tests. Greater magnesium sulfate values can be determined on the samples with smaller grains, which can be explained by the greater relative area of the surface of them. The micro-Deval tests performed parallel to the experiment showed that the equality of the magnesium sulfate values of different andesite aggregates does not mean the equality of the micro-Deval coefficients as well, and that the interrelation between them are not predictable in all cases. The tests also revealed that the salt crystallization may cause a loss in the resistance to abrasion, up to 35%. The degree of loss depends on the studied material. Our experiments showed that the micro-Deval coefficients of the andesite from Recsk did not change significantly, due to its micro-fabric, i.e. silicified andesite. The decay factor of the micro-Deval coefficient increased at the initial part of the long-term tests in all cases, but after a certain number of cycles of the salt test, the decay factor declined. The reason for this is the heterogeneity of rock materials; the less resistant parts of the samples weathered first, and after that, only the more resistant parts remained in the aggregate samples. Decay factor of the micro-Deval coefficient
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